ABSTRACT: Morphological characters can be used to distinguish the vast majority of triatomine species, but the existence of high levels of phenotypic plasticity and recently diverged species can lead to erroneous determinations. To approach this problem, we analyzed the male and female morphologies of the scutella of Triatoma barberi, T. dimidiata, T. lecticularia, T. mexicana, T. recurva, T. rubida, and two sub-species, T. protracta protracta and T. protracta nahuatlae. Scutellum samples were observed by scanning electron microscopy and subjected to morphological analysis and morphometric investigation using a canonical discriminant analysis. The results revealed differences primarily in central depression shape, posterior process, and vestiture. We observed clear dimension-based differences in scutellum morphometry in all the taxa under study, providing sound evidence for species and subspecies differentiation. On the other hand, there is no difference between sexes in T. lecticularia, T. protracta protracta, and T. protracta nahuatlae. Our methodology can be implemented to differentiate species of the genus Triatoma. Journal of Vector Ecology 42 (2): 308-318. 2017
INTRODUCTION
The subfamily Triatominae is composed of 151 species, all of which have been identified based on morphological characteristics (Lent and Wygodzinsky 1979 , Galvão et al. 2003 , Schofield and Galvão 2009 , Poinar 2005 , Frias-Lasserre 2010 , Rosa et al. 2012 , Justy and Galvão, 2017 . Because of differences in vector capacity among triatomine species, accurate taxonomic identification is a crucial first step for vector surveillance and control programs. Current classification within the Triatominae is largely based on morphological characters, including chromatic ones (Lent and Wygodzinsky 1979) . A number of triatomine species exhibit such high levels of phenotypic plasticity that they were erroneously split into several species (Gourbière et al. 2012) . It is therefore necessary to develop new taxonomic tools to facilitate species classification.
The taxonomic importance of the scutellum in the subfamily Triatominae has not been recognized by many authors, although several studies on this anatomic structure do exist (Lent and Wygodzinsky 1979 , Carcavallo et al. 1994 , Carcavallo and Galíndez 1995 , Takashi et al. 2007 ). Lent and Wygodzinsky (1979) defined the scutellum as the posterior portion of the dorsal surface of the mesothorax, visible between the wing bases. The scutellum has a generally triangular shape in all species studied, except Parabelminus, where it is trapezoidal, and Psammolestes, where it has a shape similar to an equilateral triangle (Lent and Wygodzinsky 1979, Carcavallo and Galíndez 1995) . Under scanning electron microscopy, the scutellum can provide valuable taxonomic information. Characteristics such as size, shape, and cuticular structure of the central depression are considered useful for the differentiation of closely related species. Based on the shape and length of the scutellum, the author expanded the generic distinction between Triatoma and Mepraia (Takashi et al. 2007) . The central depression is surrounded by two edges, or carinas, which have their own distinct characteristics, making them useful in the differentiation of related species, as in the case of Triatoma sordida and Triatoma guasayana and in several species of the genus Meccus (Lent and Wygodzinsky 1979 , Carcavallo and Galíndez 1995 , Rivas et al. 2014 .
In Mexico, 32 species of triatomines have been described, and the genus Triatoma is the most diversified with 19 species that are important vectors of Chagas disease. Due to their wide geographical distribution and intra-domiciliary behavior, Triatoma dimidiata and T. barberi are the most important vectors in the country. T. mexicana has been reported only in the central states and present peri-domiciliary habits. T. rubida, T. lecticularia, T. recurve, and T. protracta (T. protracta protracta and T. protracta nahuatlae) are considered of low epidemiological importance. However, these species were collected inside human dwellings and are common in all northern parts of the country, and the bite of the northern species, except T. lecticularia, may cause allergic reactions. It is worth mentioning that all the six species and the two subspecies are naturally infected with Trypanosoma cruzi (Galvão et al. 2003 , Salazar-Schettino et al. 2010 , Bern et al. 2011 , Martinez-Ibarra et al. 2012 , Ramsey et al. 2015 .
There are very few recent studies on scutellum morphology in triatominae (Takashi et al. 2007 , Rivas et al. 2014 . Here, we aim to increase the knowledge of the scutellum using scanning electron
MATERIALS AND METHODS
The triatomines were obtained from the colony in the insectary of the Escuela Nacional de Ciencias Biologicas, Instituto Politecnico Nacional, Mexico City. The colony was maintained at 28 ± 1° C and 60% relative humidity (RH). The bugs were fed weekly on New Zealand rabbit. The species under study were: Triatoma barberi Usinger, 1939 , T. dimidiata (Latreille, 1811 , T. lecticularia (Stål, 1859) , T. mexicana (Herrich-Schaeffer, 1848), T. recurva (Stål, 1868) , T. rubida (Uhler, 1894), T. protracta protracta (Uhler, 1894), and T. protracta nahuatlae (Uhler, 1894) . The origin of each species is shown in Table 1 . Ten females and ten males from each species were euthanized, and dissection was performed to obtain the scutella. For scanning electron microscopy (SEM), the scutella were mounted on a sample holder with two-sided carbon tape and coated in gold for 500 s in a Denton Vacuum DESKII ionizer. The samples were observed using a JSM-5800LV model JEOL® SEM and micrographs were digitally captured using Inter Video MSIPVS® software.
For a better understanding of the results, the scutellum was divided into four parts: scutellum body, central depression, depression edge, and posterior process. Specific details were analyzed, such as depth of central depression, shape of the edges, and distribution of setae. For the posterior process, the shape was observed together with that of the apex. In the morphometric analysis, 20 scutella for females and 20 for males were observed under a stereoscopic microscope, and digital images were captured and then analyzed (Motic Images Plus 2.0 software). Ten morphometric variables of the scutellum from each specimen were measured: depression base, right lateral edge, left lateral edge, right ear, left ear, process base, length of the process, length, body length of scutellum, and average width (Figure 1) .
The data obtained were analyzed to detect outliers using the criteria of 1.5 IQR (Interquartile Range), followed by Canonical Discriminant Analysis (CDA). The Mahalanobis distance was used to determine statistically significant differences among species for the set of ten measured variables. Class mean values on canonical variables were visualized through Cartesian axes (x, y, z); distance and placement in the coordinates system represent the level of association between species. We used SAS v.9 software.
RESULTS

Morphological analyses
Triatoma barberi
Scutellum body -the scutellum body has a triangular shape with smooth and well defined edges ( Figure 3 A and E).
Central depression -a heart shape with the general form of an equilateral triangle with the legs similar to the base in length. The roughened surface is marked with the presence of grooves on the first half (each edge up and the center), while in the lower half, parallel grooves showing a border with the other in a straight form were observed (Figure 3 B and F) .
Depression edges -smooth, defined, and thick, with an extremely rough surface (Figure 3 B and F) .
Posterior process -small, short, and conical form with irregular and sharp edges. The apex of the posterior process is slight and disposed of downstream (Figure 3 C, D, G, and H).
Vestiture -concentrated on the edges of the depression, showing little or no surface depression. In the adjacent process, scarce and scattered setae are observed in every direction, though it is bare in some cases. The setae around the scutellum are thick, short, and decumbent.
Triatoma dimidiata
Scutellum body -a triangular form with smooth and welldefined edges (Figure 3 I and M) .
Central depression -triangular shape with a rough surface, comprising a number of winding grooves. Shallow in the area near the base of the posterior process ( Figure 2 J and N) .
Depression edges -well-defined and thick, and show festooned in the borders; these edges are shallow in the inside of the depression, with certain areas at similar levels, primarily in the portion close to the base of the adjacent process (Figure 2 J and N) .
Posterior process -cylindrical shape with defined and irregular edges, globular apex, and slightly elevated in the lateral side (Figure 2 K, L, O, and P).
Vestiture -setae were observed on the middle portion of the edges and depression. The posterior process contains setae mainly on the middle portion of the dorsal surface surrounding the apex. Table 1 . Localities of the colonies of Triatoma species used for the characterization of the scutellum.
The vestiture was observed throughout the large bristle structure in female scutella, whereas the male setae are thinner; in both cases they are short and decumbent.
Triatoma lecticularia
Scutellum body -a triangular shape with smooth and defined edges, similar in size to T. barberi ( Figure 2 Q and U).
Central depression -equilateral triangular form, with the length of edges similar to that of the base of the depression. The surface is rough with the presence of one or two light, arc-shaped grooves limited to the posterior portion of the deepest depression observed in the convergence zone of the edges (Figure 2 R and V).
Depression edges -well-defined and thick, with large scallops and present two or three lateral festoons. Edges are a little high, mainly in the inside, and are observed in some cases to be the same height level as the surface of the depression (Figure 2 R and V).
Posterior process -conical, reaching half the size of the body, with sharp edges and rounded apex at the same level throughout the scutellum (Figure 2 S, T, W, and X).
Vestiture -present all over the surface of the depression except at the edges, continuing throughout the posterior process to the apex. Setae are dispersed on the surface, with no discernible pattern, including medium-sized hairs that are thick and decumbent.
Triatoma mexicana
Scutellum body -composed of a large, triangular shape with defined edges (Figure 2 A and E).
Central depression -triangular shape with edges of similar length to the base of the depression. The surface is rough and has a series of shallow, winding grooves (Figure 2 B and F).
Depression edges -defined, festooned edges, thinner than those present in T. lecticularia, appearing higher in the inner portion of the depression (Figure 2 B and F) .
Posterior process -cylindrical, with irregular edges defined; globose and slightly high in the side-view apex (Figure 2 C, D, G, and H).
Vestiture -setae that are either scarce or not present at the edges of the depression (on the surface they occur occasionally). The posterior process has small setae on the entire surface, most abundantly at the apex; short, thick, and decumbent setae were observed.
Triatoma recurva
Scutellum body -triangular shape with smooth and defined edges ( Figure 3 I and M) .
Central depression -slightly rough surface, comprising a number of winding grooves; shallow in the area near the base of the posterior process ( Figure 3 J and N) .
Depression edges -well-defined, thick, and festooned; these edges are shallow in the inside of the depression, appearing in certain areas at the same height, mainly in the portion close to the base of the posterior process ( Figure 3 J and N) .
Posterior process -defined and irregular edges of cylindrical shape, slightly elevated on the lateral side and globose apex (Figure  3 K, L, O, and P).
Vestiture -setae were observed on the middle portion of the edges and depression. The adjacent process contains setae mainly on the middle portion of the dorsal surface surrounding the apex. Setae were observed throughout the large bristle structure in female scutella, whereas in males setae are thinner; however, in both sexes, setae are short and decumbent.
Triatoma rubida
Scutellum body -triangular shape with smooth and defined edges, similar to the proportions of T. mexicana (Figure 3 Q and U).
Central depression -pentagonal shape, with longer sides at the limiting edges. The surface exhibited a number of grooves that mostly originated in the rear portion toward the above. The winding grooves are of different depths. The rear portion shows a series of transverse grooves that prevent the closing of the pentagon and extend to the posterior process ( Figure 3 R and V) .
Depression edges -well-defined, thick, and festooned, similar to those observed in T. protracta protracta (Figure 3 R and V) .
Posterior process -cylindrical form, showing sharp edges. From the base to the middle portion, a series of transverse grooves that surround the process and originate in the central depression were observed; globose and slightly acute apex, flush with the body of the scutellum in lateral side-view (Figure 3 S, T, W, and X).
Vestiture -setae are low, showing occasionally on the surface of depression. The posterior process has small setae along its surface. Setae are short, thick, and decumbent.
Triatoma protracta protracta
Scutellum body -triangular shape with smooth, well-defined edges, similar in size to that of T. barberi (Figure 4 A and E).
Central depression -triangular shape, with edges and base of similar sizes. The roughened surface was observed to have winding, shallow grooves (Figure 4 B and F) .
Depression edges -smooth and well-defined. The edges are thick and appear slightly elevated in medial depression (Figure 4 B and F).
Posterior process -small, short, and conical, with smooth edges; the dorsal surface shows a series of transverse grooves. Apex slightly acute and arranged down the lateral side (Figure 4 C, D, G, and H).
Vestiture -scarce setae observed on the middle portion of depressed females and limited to the edges in males. In the posterior process, low setae were primarily observed on the dorsal surface. These setae around the scutellum are thick, short, and decumbent.
Triatoma protracta nahuatlae
Scutellum body -triangular shape with smooth and defined edges, slightly wider than in T. protracta protracta (Figure 3 I and  M) .
Central depression -triangular shape with edges that are longer than the base, being more elongated than in T. protracta protracta. The roughened surface has horizontal, winding, shallow grooves ( Figure 3 J and N) .
Depression edges -rough, defined, and very thick edges that are a bit elevated in the medial depression (Figure 4 J and N) .
Posterior process -small, short, and conical, with smooth edges. Slightly rough on the dorsal surface without the presence Vestiture -scarce setae on the middle portion of depression and edges. In the posterior process, low setae are primarily observed on the dorsal surface. Setae around the scutellum are thick, short, and decumbent.
Morphometric analyses
Multivariate statistical analysis (CDA) that considered data on ten morphometric parameters demonstrated highly significant differences for Mahalanobis distances (p<0.0001) among all the species and subspecies studied. The mean and standard error of morphometric variables of the scutellum studied are shown in Table 2 . Figure 5 shows the differences among taxa along the three canonical axes of greatest discrimination, with 97.05% of the among-group variation explained by the entire set of measurements. There were also significant differences between males and females in five of the species studied (T. barberi, T. dimidiata, T. mexicana, T. recurva, and T. rubida), whereas there are no significant differences between sexes in T. protracta protracta, T. protracta nahuatlae, and T. lecticularia. Lent and Wygodzinsky (1979) highlighted the importance of the scutellum, which was observed to vary in size and shape in the taxonomic characterization of species. While study of the structure is limited in the literature, it may allow differentiating species within the same genus. Generally, the scutellum of triatomine species is triangular in shape, as described by Lent and Wygodzynsky (1979) , who found morphological differences in the other segments that form the scutellum.
DISCUSSION
We observed a triangular central depression for T. barberi, T. lecticularia, T. mexicana, T. protracta protracta, and T. protracta nahuatlae similar to that reported by Takashi et al. (2007) for Triatoma tibiamaculata. A triangular form of the central depression is also observed in Rhodnius marabaensis, R. prolixus, R. robustus, and R. montenegrensis (Rosa et al. 2012 , Souza et al. 2016 . However, in these species it is similar to an isosceles triangle. This is in contrast to the scutellum of T. dimidiata, which contains a heart-shaped central depression, similar to that observed in Triatoma delpontei, Triatoma constalimai, Triatoma infestans melanosoma, Triatoma vandae, and the six species of the genus Meccus (Takashi et al. 2007 , Rivas et al. 2014 . The central depression of T. rubida exhibits a pentagonal shape with a slight positive turning in the middle portion, while T. recurva has a central depression as is the case in T. dimidiata, but the heart shape has less pronounced and larger grooves. The central depression is delimited by two edges or carinas in all species observed in this study and are well-defined and festooned, being slightly smoother in T. barberi. There are no detailed descriptions on these edges available, and they are only described as a structure with very sculptured and irregular edges for Triatoma. delpontei, T. mattogrossensis, T. constalimai, T. vandae, and Triatoma sherlocki (Takashi et al. 2007 ). The depression edges are relevant as they appear unique for every species and we consider them important for taxonomic determination. Thick, high, and rough edges characterize the surface of T. barberi, while T. protracta nahuatlae has even, thick edges that are rarely elevated and are well-defined on the inside. In T. protracta protracta, edges are thinner, with inconspicuous internal limits, similar to those observed in T. lecticularia, which has festooned edges. T. mexicana has thin edges, while T. dimidiata and T. recurva have slightly thicker edges that appear more ornate than those of T. Mexicana. The morphology of the edges in T. dimidiata and T. recurva is similar to that described for the genus Meccus (Rivas et al. 2014 ), but there are clear distinctions between the edges in Meccus compared to those in T. dimidiata and T. recurva. Thick edges are observed in T. rubida, similar to those to those in T. protracta protracta and T. protracta nahuatlae; in the last two species the edges appear higher on the inside.
b -Triatoma barberi, T.d -T. dimidiata, T.l -T. lecticularia, T.m -T. mexicana, T.pp -T. protracta protracta, T.pn -T. protracta nahuatlae, T.r -T. recurva and T.ru -T. rubida.
The posterior process (pp) is also considered of taxonomic relevance (Carcavallo et al. 1994 , Carcavallo et al. 1995 . A cylindrical pp is observed in T. mexicana, T. dimidiata, and T. rubida, the posterior process is slightly longer in T. recurva, similar to that observed in T. constalimai and T. melanica (Costa et al. 2006 , Takashi et al. 2007 . Triatoma lecticularia exhibits a shorter cylindrical posterior process compared with those of the previous four species. A conical pp is observed in T. barberi, T. protracta protracta, and T. protracta nahuatlae and it is thicker compared to T. barberi, where the posterior process is similar to those described in T. infestans melanosoma and T. delpontei (Takashi et al. 2007) .
These features are useful in distinguishing between Triatoma spp., and closely related species such as Cavernicola pilosa and Cavernicola lenti, which can be differentiated from Triatoma based on shape and vestiture (Carcavallo and Galíndez 1995) . According to Lent and Wygodzinsky (1979) , the genus Panstrongylus is recognized primarily by the morphology of the posterior process (Carcavallo and Galíndez 1995) . T. barberi and T. lecticularia are often confused because of their similar size and color. However, the morphology of the scutella and the morphology of the posterior processes allow for quick differentiation between these two species.
The lateral side of the posterior process enables species discrimination among T. dimidiata, T. mexicana, and T. recurva; the pp is shorter in T. dimidiata compared to the other two. The species in the genus Eratyrus exhibit a very high and sharp posterior process, similar to a thorn; this is a basic feature for identification (Lent and Wygodzinky 1979, Carcavallo and Galíndez 1995) . In T. rubida and T. lecticularia, the posterior process appears horizontal, at the same level of the scutellum body similar to that in T. pintodiasi (Jurberg et al. 2013 ), while T. barberi, T. protracta protracta, and T. protracta nahuatlae have posterior processes with acute apical and downward portions and are curved laterally. The type, number, and distribution of setae are also highly relevant characters used for genus and species differentiation among Triatominae. We observed species with abundant setae covering the entire scutellum, such as in T. lecticularia. The vestiture of the scutelum is similar in Triatoma platensis and T. delpontei Galíndez 1995, Takashi et al. 2007) . Setae in the rest of species studied here are short, thick, decumbent, and rare. Setae are observed only in specific areas, especially along the edges of the depression and the adjacent process, Rosa et al. (2012) observed a similar pattern in Rhodnius montenegrensis and R. robustus. We observed setae morphological type 3 in all the species under study, also reported in the abdomen of E. mucronatus (Avedaño-Rangel et al. 2016) .
The morphology of the scutella observed in this study can be used not only to distinguish between T. barberi and T. lecticularia, which are commonly confused in spite of having different distributions, but also to differentiate between the subspecies or morphotypes described as T. protracta protracta and T. protracta nahuatlae (Ryckman 1962) . These subspecies are distinguished by differences in the thickness and edge surface, the central depression, the posterior process, and the width and grooves of the dorsal surface. These subspecies exhibit greater variability in scutellum morphological features than those described for the scutella of species included in the genus Meccus (Rivas et al. 2014) .
Based on morphometric data of various areas of the scutellum, discriminant analysis demonstrated significant differences among the six species and the two subspecies studied. For example T. recurva presents a larger scutellum than T. protracta nahuatlae. The spatial distribution of the species points to the formation of different groups (Figure 4) . The first group includes T. dimidiata, T. recurva, and T. mexicana, three species that have been associated with the phyllosoma complex using molecular markers (Martínez-Hernández et al. 2005 , Schofield and Galvão 2009 , Espinoza et al. 2013 . They exhibit characteristics similar to those described for the genus Meccus (Rivas et al. 2014) and are among the largest of the species studied. Triatoma dimidiata shares part of its range with the other two species and exhibits a wide variation of the coloration. The latter may be due to phenotypic plasticity related to their distribution and environmental conditions, noting that only one population of T. dimidiata was studied (Bustamante et al. 2004) .
In a second group, we included T. barberi, T. protracta protracta, and T. protracta nahuatlae. The results of DCA included T. lecticularia within this group (Figure 4) . Even though several authors place T. lecticularia within the Lecticularia complex, these four species have morphological similarites and were considered in the taxonomic classification as species of small size (Lent and Wygodzinsky 1979, Ramsey et al. 2015 ). Triatoma barberi is closer to both subspecies of T. protracta than the distance between them, highlighting the difference between these two morphotypes. Descriptions of the morphology of eggs and genital plates of T. protracta protracta and T. protracta nahuatlae were presented by Villalobos et al. (2012) , revealing clear differences between them. Only a few studies have tested the subspecies status (Peterson et al. 2002 , Dujardin et al. 2007 ). Both subspecies of T. protracta mainly display wild habits, limiting available collected specimens, and therefore, biological and genetic information of the species. It is clear that their taxonomic status requires further research (Villalobos et al. 2012) . Based on morphometrics, Triatoma lecticularia appears close to T. mexicana suggesting a link between the two groups. However, these two species differ in morphology, in geographical distribution, and they belong to different species complexes (Galvão et al. 2003, Lent and Wygodzinsky 1979) .
Morphometric analysis showed Triatoma rubida separated from the remaining species, except for T. mexicana, although both species have different distributions and also differ in habits. T. rubida and T. lecticularia present distinctive morphological characteristics and they do not share geographical distribution (Galvão et al. 2003 . Triatoma rubida is limited to the Peninsula of Baja California, Sinaloa, and Nayarit, and five subspecies have been described (Ramsey et al. 2015) , which were placed in synonymy by Lent and Wygodzinsky (1979) . So far, its taxonomic status remains inconclusive. No data were found on cuticular structures for T. rubida, and further studies are required to discern the taxonomic status of this species. It is worth mentioning the morphometric closeness of T. mexicana with the remaining species under study. Considering the differences in vector capacity among triatomine species, the development of new tools to achieve accurate taxonomic identification is a crucial step in vector control and monitoring programs (Gourbière et al. 2012) . The results of this study show that the morphology and morphometry of the scutellum provide elements that allow for species identification. Coupled with other characters and techniques, these results may help to solve some of the current taxonomic problems in the genus Triatoma.
